The G protein-coupled estrogen receptor (GPER) mediates both the genomic and nongenomic effects of estrogen and has been implicated in breast cancer development.
Introduction
Estrogen stimulates mammary epithelial cell proliferation by mainly activating the nuclear estrogen receptors ERα and ERβ, which are sequence-specific DNA-binding transcription factors, to regulate gene expression (1, 2) . Estrogen has paramount importance in breast cancer. As a result, hormone therapy (inhibition of estrogen signaling or estrogen production) is a common clinical treatment for estrogen receptor-positive (ER-positive) breast cancer. Besides ERs, the seven-transmembrane G protein-coupled estrogen receptor (GPER, also known as GPR30), which is a G protein-coupled receptor (GPCR), can also be activated by estrogen to induce rapid effects such as intracellular calcium mobilization (3, 4) .
GPCR, the largest cell surface receptor family encoded by the human genome, is involved in a wide range of physiological regulatory activities and represents the target of 50% of all prescription drugs (5) . Notably, recent cancer genomic studies have shown that the GPCR has an important role in cancer development, with nearly 20% of human cancers harboring mutations in GPCRs (6) . Stimulation of GPCRs by upstream ligands can initiate numerous downstream signaling pathways, including PLC/PKC, Ras/MAP kinase, PI3K/AKT, and mTOR, to promote cell proliferation (5) .
However, compared with the well-established GPCR signaling cascades, much less is known about the molecular bases of GPER in breast cancer, although some studies have identified that GPER could transactivate the EGFR/ERK pathway through metalloproteinases and the cleaved heparin-binding EGF (7, 8) . Increasing evidence has demonstrated that estrogen promotes the proliferation, migration, and invasion of cancer cells, particularly breast cancer cells, at least in part through GPER (9) (10) (11) . Some studies suggested that the expression levels of GPER positively correlate with poor outcome in breast cancer (12, 13) ; however, others indicated that GPER is downregulated in breast cancer (13) (14) (15) ). The precise function and mechanism of GPER in breast cancer remains to be determined.
The Hippo tumor suppressor pathway is evolutionarily conserved from Drosophila to mammals and serves as a key regulator of tissue growth and organ size by limiting cell proliferation and migration and promoting apoptosis (16, 17) . Dysregulation of the Hippo pathway is associated with human cancers (18) . The central components of the Hippo pathway contain a kinase cascade (consisting of MST1/2 and LATS1/2) and the downstream transcription coactivators YAP/ TAZ (17) . MST1/2 phosphorylate and activate LATS1/2, which then phosphorylate and inhibit YAP/TAZ (19) (20) (21) . The phosphorylated YAP/TAZ are sequestrated in the cytoplasm by binding to 14-3-3 or degraded via the ubiquitin-proteasome system upon additional phosphorylation (19, 20, (22) (23) (24) (25) ; the dephosphorylated YAP/TAZ are localized in the nucleus, where they bind and activate the TEAD family transcription factors (26, 27) , leading to expression of the target genes for cell proliferation, migration, and survival. Mutation, amplification, or epigenetic silencing of the Hippo pathway genes have been observed in various human cancers (18) . For instance,
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Estrogen regulates Hippo signaling via GPER in breast cancer genes described are CTGF, CYR61, EDN1, and EGR1, which are well-established YAP/TAZ target genes (26) . These observations raise the possibility that GPER may regulate the Hippo/YAP/TAZ pathway to control breast cancer cell proliferation. In this study, we investigated GPER expression in IDC specimens and its role in YAP/TAZ activation as well as in breast cancer development.
Results
GPER expression is elevated in IDC of the breast. IDC is the most common form of breast cancer, comprising 70% to 80% of all breast cancers. To investigate the potential role of GPER in breast cancer, LATS2 is frequently mutated in malignant mesotheliomas (28) ; TAZ is overexpressed in 20% of breast cancers, especially in invasive ductal carcinoma (IDC) (29) , and TAZ expression levels and activity are frequently upregulated in high-grade metastatic breast cancer (30) . Interestingly, TAZ has also been implicated in the self-renewal and tumor initiation capabilities of breast cancer stem cells (30) .
Recent studies by other groups and us have revealed that the Hippo/YAP/TAZ pathway is regulated by some hormones and their corresponding GPCRs (31, 32) . Pandey and colleagues showed that GPER mediates the expression of a large number of genes in breast cancer cells (9) . Interestingly, among the GPER-dependent and a matched adjacent normal breast tissue. Tissue slices were H&E stained (left). The corresponding contiguous slices were stained for GPER (brown) and DNA (blue). Panels on the right show higher magnification (original magnification, ×400) of the boxed areas in the middle panels. Scale bars: 50 μm. (B and C) GPER expression was elevated in IDC. GPER staining intensity was quantified using the inForm System as described in Methods. Scores of GPER expression (0 = lowest, 3 = highest) from 30-matched pairs of carcinoma tissues and adjacent normal breast epithelium were analyzed by 1-way ANOVA with least-significant-difference (LSD) correction. Black lines within the data points represent the mean value (B). A total of 115 breast cancer tissues were compared with 30 adjacent normal breast epithelial tissues using 1-way ANOVA with LSD correction and are shown as column plots (C). Data are represented as the mean ± SD. jci.org Volume 125 Number 5 May 2015 their stage. GPER protein levels were significantly elevated in the cancer cells of IDC specimens from all stages when compared with the ductal epithelial cells of the adjacent normal breast tissues (Supplemental Figure 1D ). However, no significant alterations were observed among the different stages of IDC (Supplemental Figure 1E ). Taken together, these data show that elevated GPER expression occurs at the early stage of breast tumor development, suggesting a possible role of GPER in breast IDC initiation. Estrogen and other GPER agonists activate YAP/TAZ. It has been reported that estrogen could regulate the expression of numerous genes, including several well-characterized YAP/TAZ target genes (CTGF, CYR61, EDN1, and EGR1), through GPER (9) . These observations led us to hypothesize that estrogen may activate YAP/TAZ. To this end, we tested whether E2 (17β-estradiol), a hormone that binds to both ERα/β and GPER, could activate YAP/ TAZ , 2 transcription coactivators downstream of the Hippo tumor suppressor pathway. To exclude the effect of ERs, the ER-negative SK-BR-3 breast cancer cells were examined. We found that YAP was highly phosphorylated and inactive under serum-starvation conditions. Addition of E2 induced a rapid and significant YAP dephosphorylation as determined by a phosphorylated YAP (Ser127) antibody (Figure 2A , left panel). Given that YAP activity is inhibited by phosphorylation, this result shows that E2 activates YAP in SK-BR-3 cells. OHT (4-hydroxytamoxifen) is the active metabolite of tamoxifen, which is broadly used as an antagonist of ER in hormone therapy for breast cancer (33, 34) . However, OHT also functions as an agonist for GPER (7, 9, 35) . Interestingly, we observed that OHT also induced YAP dephosphorylation in SK-BR-3 cells (Figure 2A , middle panel), indicating that activation of GPER, but not ER, leads to YAP dephosphorylation. Next, we examined the effect of G1, which is a selective GPER agonist without activity toward ER (36) . G1 stimulation also resulted in YAP dephosphorylation (Figure 2A , right panel). Collectively, these data indicate that stimulation of GPER by E2, OHT, and G1 induces YAP dephosphorylation and activation.
TAZ is a YAP homolog that is also tightly regulated by the Hippo pathway, but it appears to play a more prominent role in breast cancer (21, 29, 30) . Moreover, the stability of TAZ is more sensitively regulated than YAP by the Hippo pathway because of its 2 phosphodegrons (24, 25) . Notably, TAZ expression is quite low and does not respond significantly to E2, OHT, or G1 treatment in SK-BR-3 cells. Therefore, we determined TAZ expression and phosphorylation levels in another breast cancer cell line, ZR-75-30. We found that G1 treatment led to a robust accumulation of TAZ proteins in ZR-75-30 cells ( Figure 2B ). G1 also induced strong TAZ dephosphorylation as determined by the phos-tag gel (Figure 2B) , in which the phosphorylated TAZ ran much slower than did the unphosphorylated TAZ. Additionally, we treated Bcap-37, BT-474, ZR-75-1, and MDA-MB-361 breast cancer cells and HeLa cervical cancer cells (the expression of ERα, ERβ, and GPER in these cell lines is shown in Supplemental Figure 2A ) with G1 and observed a decrease in the phosphorylation of YAP and an accumulation of TAZ protein (Supplemental Figure 2A ), suggesting cell line-independent roles of GPER in YAP/TAZ activation.
To further dissect which ER is involved in YAP/TAZ activation, we silenced ERα/β and GPER in ZR-75-30 cells. As shown in Supplemental Figure 2B , G1-induced TAZ dephosphorylation and pro-we collected paired IDC specimens from 30 patients with matched adjacent normal breast tissues. IHC was carried out using a GPER antibody, the specificity of which was confirmed by antigen competition experiments (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI79573DS1). Although strong GPER staining was found in the myoepithelial cells of the adjacent normal tissues, no detectable staining (28 of 30) was found in either ductal or lobular epithelial cells ( Figure 1A) . In contrast, GPER-positive staining was found in 28 of 30 (93.3%) of the cancer specimens tested ( Figure 1, A and B) . Interestingly, we further noticed that GPER was strongly expressed in the superficial areas in 24 of 30 (80%) specimens that had weaker plasma membrane staining in the deeper areas of IDC samples ( Figure 1 , A and B). GPER expression was observed predominantly on the plasma membrane, and in the cytoplasm in some cases, no nuclear staining was observed ( Figure 1A ). This expression pattern is consistent with the fact that GPER serves as a membrane receptor.
IDC generally develops in ductal epithelial cells but not in myoepithelial cells. Therefore, comparison of GPER expression in ductal epithelial cells of the adjacent normal breast tissues with that in the cancer cells of the IDC specimens would be insightful. For quantification, the optical density of GPER staining was calculated using the CSI-Nuance Multispectral Tissue Imaging System and inForm Advanced Image Analysis Software (see Methods). Statistical analysis of 30 paired specimens confirmed that GPER was significantly elevated in both the superficial areas (P = 6.70 × 10 -16 ) and the deeper areas (P = 3.65 × 10 -4 ) of the IDC samples when compared with the normal breast ductal epithelial cells ( Figure 1B ). Quantitative analysis also revealed a significant difference (P = 1.98×10 -8 ) in GPER expression levels between the superficial areas and the deeper areas of the IDC specimens ( Figure 1B ). To further confirm this observation, we analyzed another cohort of 96 subjects that did not have the corresponding matched adjacent normal tissues. Among the 96 specimens, 85 were large enough to contain the superficial and deeper areas of IDC samples in the same sections. We therefore combined the 85 specimens with the former 30 paired specimens for statistical analysis ( Figure 1C ). The results further strengthened our conclusion that GPER expression levels are significantly elevated in IDC specimens compared with those in ductal epithelial cells of normal breast tissues and that GPER expression levels are higher in the superficial areas than in the deeper areas of tumors.
The expression of GPER was then compared with prognostic parameters including tumor size, nodal status, histological grade, tumor-node-metastasis (TNM) stage, and the expression levels of ER, progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (Supplemental Table 1 ). A significant inverse correlation was found between GPER and ER expression levels (Supplemental Figure 1 , B and C). Additionally, the expression of GPER was higher in the lymph node-positive breast cancer specimens, although without reaching a level of significance (P = 0.057) (Supplemental Table 1 ). There was no correlation between the expression of GPER and other tumor characteristics (Supplemental Table 1 ).
Breast cancers can be divided into 5 stages -0 to IV -according to the size of the tumor (T), the lymph node status (N), and the metastasized phenotype (M). To determine whether GPER expression levels correlate with the progression of IDC, we analyzed the intensity of GPER in a panel of 122 IDC specimens on the basis of jci.org Volume 125 Number 5 May 2015
OHT stimulation ( Figure 2G ). We also noticed that G1 increased TAZ protein levels in ZR-75-30 cells. On the other hand, SK-BR-3 cells expressed little TAZ; therefore, only YAP phosphorylation was significantly decreased by G1 stimulation, while in Bcap-37, BT-474, ZR-75-1, MDA-MB-361, and HeLa cells, both YAP and TAZ were activated in response to G1 stimulation (Supplemental Figure 2A ). These results indicate that GPER stimulation usually activates YAP or TAZ; however, exactly whether YAP and/or TAZ are activated may be cell-type dependent.
To test whether GPER is a physiological regulator of YAP/ TAZ in vivo, we injected female mice with G1. As shown in Figure  2H , G1 treatment significantly increased YAP/TAZ nuclear localization in the epithelial cells of mammary glands. In addition, we observed that G1 stimulated TAZ accumulation in utero (Supplemental Figure 2E ). These data suggest that stimulation of GPER can activate YAP/TAZ in vivo.
GPER acts through Gαq/11, PLCβ/PKC, and Rho/ROCK to activate TAZ. Rapid mobilization of intracellular calcium, which is widely observed upon GPER stimulation (4, 36) , is a representative phenomenon of activation of phospholipase Cβ (PLCβ) signaling, which is directly controlled by the specific G protein Gαq/11 (5, 38) . Recent studies have indicated a role of Gαq/11 in YAP/TAZ activation (31) . Together, these observations suggest that Gαq/11 and PLCβ/PKC pathways may play a role in GPER-initiated signaling in YAP/TAZ activation. To test this model, Gαq/11 was knocked down by RNA interference in ZR-75-30 cells. As shown in Figure  3A , knockdown of Gαq/11 with 2 different siRNAs significantly blocked G1-induced dephosphorylation and protein accumulation of TAZ. Furthermore, G1-induced TAZ nuclear localization was blunted by the siRNA targeting Gαq/11 but not by the control siRNA (Supplemental Figure 3A) . Finally, G1-stimulated expression of CTGF was also effectively inhibited in Gαq/11-knockdown cells, consistent with a functional inhibition of TAZ activity (Figure 3A) . A major downstream effector of Gαq/11 is the PLC/PKC pathway (5, 38) . A previous study also implied that PKC is one of the potential downstream effectors of GPER in rat kidney (39) . As shown in Figure 3B and Supplemental Figure 3B , pretreatment with U73122 or ET-18-OCH3, two specific inhibitors of PLCβ, strongly impeded G1-induced TAZ accumulation, dephosphorylation, and nuclear localization in ZR-75-30 cells. Similar effects were also observed when we treated the cells with PKC inhibitors (enzastaurin and chelerythrin chloride) ( Figure 3C and Supplemental Figure  3C ). These findings led us to conclude that Gαq/11 and PLCβ-PKC function downstream of GPER to activate TAZ. In other words, Gαq/11 and PLCβ/PKC serve as upstream regulators of the Hippo pathway in relaying signals from GPER stimulation.
We noticed that G1 stimulation promoted stress fiber formation (Supplemental Figure 3D ), which is a characteristic feature of Rho/ROCK activation. GPCR can activate Rho via Gα12/13 or Gαq/11 (5, 38) . Previous studies have shown that Rho can activate YAP/TAZ (40, 41) , we therefore tested the function of Rho in G1-induced TAZ activation. Pretreatment with botulinum toxin C3, a specific inhibitor of Rho GTPases, strongly blocked G1-induced TAZ accumulation in ZR-75-30 cells ( Figure 3D ). TAZ dephosphorylation, nuclear localization, and elevated expression of CTGF were also suppressed by C3 treatment ( Figure 3D and Supplemental Figure 3D ). To further support this conclusion, we tein accumulation were not affected in the ERα/β-knockdown cells. In contrast, knockdown of GPER using 3 different shRNAs significantly suppressed the effects of G1 on TAZ dephosphorylation and protein accumulation ( Figure 2C ). In addition, we examined the effect of G15, a G1 analog that preferentially inhibits GPER (37) . We found that G15 blocked G1-induced TAZ accumulation and dephosphorylation in ZR-75-30 cells ( Figure 2D ). Collectively, our data show that GPER activation is responsible for YAP/TAZ dephosphorylation and activation in response to estrogen, OHT, or G1.
Subcellular localization of YAP/TAZ is tightly controlled by the Hippo pathway, as the phosphorylation of YAP on Ser127 and TAZ on Ser89 by LATS promotes 14-3-3 binding and cytoplasmic localization (19) (20) (21) (22) . The dephosphorylated YAP and TAZ translocate into the nucleus and induce gene expression by interacting with the TEA domain-containing transcription factors TEAD1-4 (26, 27) . We found that G1 caused significant nuclear accumulation of TAZ in ZR-75-30 cells ( Figure 2E ), and this effect was largely blocked by G15 ( Figure 2E ). As with TAZ, YAP nuclear localization was stimulated by E2, OHT, or G1 in SK-BR-3 cells (Supplemental Figure 2C ). Consistent with its ability to promote TAZ dephosphorylation, G1 inhibited the interaction between TAZ and 14-3-30 and promoted the interaction between TAZ and TEAD1 in ZR-75-30 cells ( Figure 2F ). On the basis of the above data, we conclude that stimulation of GPER activates YAP/TAZ by inducing their dephosphorylation, nuclear localization, and interaction with the target TEAD transcription factors.
To confirm the functional activation of YAP/TAZ upon GPER stimulation, we examined the expression of YAP/TAZ target genes. We found that the mRNA levels of CTGF, CYR61, EDN1, and ANKRD1 were significantly induced by G1 treatment (Supplemental Figure 2D ). As expected, induction of CTGF protein expression was confirmed in 2 breast cancer cell lines upon G1 or overexpressed dominant-negative Rho-N19 and GDI (Rho-GDP dissociation inhibitor), which inhibit endogenous Rho signaling, in ZR-75-30 cells. We found that both Rho-N19 and GDI could block G1-induced TAZ accumulation and CTGF induction ( Figure  3D ). We consistently found that pretreatment with ROCK inhibitors (GSK429286 or Y27632) also strongly suppressed G1-induced TAZ accumulation, dephosphorylation, nuclear localization, and CTGF induction ( Figure 3E and Supplemental Figure 3E ). Collectively, these observations suggest a model in which Rho and ROCK serve as important mediators downstream of GPER and are required for GPER to activate TAZ. The Rho/ROCK pathway potently modulates cellular actin dynamics, particularly stress fiber formation, in response to various GPCR agonists such as LPA or thrombin (42, 43) . We therefore examined whether cytoskeletal reorganization contributes to TAZ activation in response to G1 stimulation. Treatment with latrunculin B (Lat B) or cytochalasin D (Cyto D), two F-actin-destabilizing agents, blocked G-induced TAZ dephosphorylation, nuclear localization, and CTGF induction in ZK-75-30 cells ( Figure 3F and Supplemental Figure 3F ). Moreover, G1-induced actin stress fiber and TAZ activation were blocked by C3, GSK429286, or Lat B (Supplemental Figure 3 , D-F). Taken together, these data support a model wherein GPER acts through Rho/ROCK and actin organization to modulate the Hippo pathway, leading to eventual TAZ activation.
G1 inhibits LATS, but not MST, in the Hippo pathway. MST1/2 and LATS1/2 are core components of the Hippo pathway and form a kinase cascade to regulate YAP/TAZ phosphorylation and function (17, 44) . Previous studies have demonstrated that the phosphorylation of Thr183/Thr180 in MST1/2 is critical for their kinase activities (45) . We found that neither the phosphorylation levels of MST1 (Thr183)/MST2 (Thr180) nor the protein levels of MST1/2 were changed following G1 treatment (Supplemental Figure 4A ). Furthermore, MST1/2 knockdown did not nM of the ROCK inhibitor GSK429286 for 4 hours, followed by treatment with 100 nM G1 for 2 hours. For detection of LATS1 phosphorylation, immunoprecipitated LATS1 was used for immunoblotting with p-LATS antibody. (B) LATS was required for G1-induced TAZ accumulation. LATS1/2 were knocked down by 3 independent siRNAs in ZR-75-30 cells. These cells were stimulated with 100 nM G1 as indicated. Protein levels of TAZ and the knockdown efficiency of LATS1/2 were assessed by immunoblotting. (C) LATS1 kinase activity was inhibited by G1 in a ROCK-dependent manner. ZR-75-30 cells were pretreated with the ROCK inhibitor GSK429286 or control, followed by a 2-hour treatment with 100 nM G1 as indicated. Immunoprecipitated LATS1 was subjected to an in vitro kinase assay using His-TAZ as a substrate. TAZ phosphorylation was detected by p-TAZ (Ser89) antibody. (D) G1 treatment stabilized TAZ protein. Serum-starved ZR-75-30 cells were pretreated with mock or 100 nM G1 for 2 hours and then treated with CHX (20 μg/ml) for the indicated durations. The amounts of TAZ were analyzed by immunoblotting and quantified by densitometry and normalized to β-actin. Data are represented as the mean ± SD; n = 3. Blots shown are representative of at least 3 independent experiments. jci.org Volume 125 Number 5 May 2015
largely blocked the inhibitory effect of G1 on LATS1 (Ser909) phosphorylation ( Figure 4A ). These data are consistent with the observed function of ROCK in G1-induced TAZ activation. We also found that G1-induced TAZ protein accumulation depends on LATS, as shown by the RNA interference experiments (Figure 4B ). Next, we directly measured the kinase activity of LATS1 immunoprecipitated from control or G1-treated cells. As shown in Figure 4C and Supplemental Figure 4C , LATS1 affect G1-induced TAZ accumulation (Supplemental Figure 4B) . These results suggest that MST is not required and might not be involved in G1-induced TAZ activation. LATS1/2 are phosphorylated in the activation loop (Ser909/ Ser872 for LATS1/LATS2), which correlates with LATS1/2 activity (44) . Upon G1 treatment, we observed a robust decrease in the phosphorylation levels of LATS1 (Ser909) ( Figure 4A ). Furthermore, pretreatment with the ROCK inhibitor GSK429286 and Ser311 are 2 sites that are directly phosphorylated by LATS in TAZ (21, 24) . Consistent with LATS inhibition, G1 treatment reduced the phosphorylation of Ser89 and Ser311 in transfected Flag-TAZ (Supplemental Figure 4D) . Collectively, the above results suggest a model in which GPER inhibits LATS in a man-kinase activity, indicated by the in vitro phosphorylation of purified His-TAZ and GST-YAP, was strongly inhibited upon G1 treatment. Consistent with the LATS1 phosphorylation data in Figure 4A , inhibition of ROCK by GSK429286 also blocked the effect of G1 on LATS1 kinase inactivation ( Figure 4C ). Ser89 promoted tumor growth, and TAZ knockdown abolished this effect of GPER ( Figure 6B and Supplemental Figure 6B ). Complementary knockdown of either GPER or TAZ decreased ZR-75-30 cell proliferation. Importantly, there was no synergistic effect when GPER and TAZ were knocked down simultaneously (Supplemental Figure 6 , C and D). These results are consistent with a model in which TAZ acts downstream of GPER and plays an important role in the tumor-promoting activity of GPER. To further support this, we treated the cells with verteporfin, which disrupts the interaction between YAP/TAZ and TEADs and found that verteporfin inhibited the proliferation-promoting effect of GPER ( Figure 6C ). Previous studies have reported that TAZ is overexpressed in 20% of breast cancers, especially in IDC (29) . The expression levels and activity of TAZ are frequently upregulated in high-grade metastatic breast cancer (30) . Our study also predicts that TAZ protein would be elevated in tumors with high levels of GPER. We therefore examined and compared the expression of TAZ and GPER in IDC specimens. The specificity of the antibody against TAZ was verified by immunocompetition (Supplemental Figure  6E ). As shown in Figure 6 , D and E, the total protein levels of TAZ and GPER were positively correlated in IDC specimens. We further analyzed the levels of cytoplasmic and nuclear TAZ separately. As shown in Figure 6E , both cytoplasmic and nuclear TAZ were positively correlated with GPER in 126 cases of human IDC of the breast. In addition, the ratio of nuclear/cytoplasmic TAZ was also positively correlated with GPER expression ( Figure 6E ). This observation is consistent with our data showing that stimulation of GPER increases TAZ protein levels (by inhibiting degradation) and promotes TAZ nuclear localization (by promoting dephosphorylation) in breast cancer cells.
To better understand this observation, the IDC specimens were divided into 4 groups according to GPER levels, and the expression scores of TAZ were compared among the 4 groups. As shown in Figure 6 , F and G, the median score of TAZ or the ratio of nuclear/cytoplasmic TAZ in subjects with high GPER expression was higher than that in subjects with low GPER expression. Similarly, the percentage of the TAZ hi population was much larger in the GPER hi group than in the GPER lo group (P = 2.43 × 10 -9 ) (Supplemental Figure 6F) . These data are consistent with the model that GPER increases TAZ expression in breast cancers and provide clinical evidence supporting a functional relationship between GPER and TAZ.
Discussion
Estrogen has broad physiological and pathological functions, most notably in the development and maintenance of the female reproductive system and breast cancer (47) . Traditionally, estrogen is known to act through 2 classical hormone-activated transcription factors, ERα and ERβ (1, 2) , which mediate the genomic effects (transcription regulation) of estrogen. Moreover, the seven-transmembrane receptor GPER also mediates estrogen function by modulating both the rapid nongenomic signaling events and the genomic transcriptional effects of estrogen (4, (7) (8) (9) . In this study, we show that estrogen and other synthetic ligands activate YAP/TAZ, 2 transcription coactivators and oncoproteins downstream of the Hippo pathway, through GPER but not ERs. Our data indicate that Gαq/11, PLCβ, PKC, Rho GTPases, and ROCK act downstream of GPER to inhibit LATS kinase, which is responsible for the phospho-ner independent of MST to induce TAZ dephosphorylation and accumulation, and ROCK has an essential role in mediating the GPER signaling to inhibit LATS and activate TAZ.
The accumulation of TAZ by GPER activation could be transcriptional or posttranscriptional. We have previously shown that TAZ is an unstable protein and is degraded via the 26S proteasome once it is phosphorylated by LATS (24) . As shown in Supplemental Figure 4E , G1 did not significantly increase TAZ mRNA levels. On the other hand, the half-life of TAZ protein was prolonged upon G1 treatment in ZR-75-30 cells ( Figure 4D) . Consistently, the TAZ 4SA mutant, which has mutations of all 4 LATS phosphorylation sites and cannot be regulated by LATS, was no longer accumulated, whereas the WT TAZ was accumulated in response to G1 stimulation (Supplemental Figure 4F) . Combined with the data in Figure  2B , we propose that activation of GPER leads to the dephosphorylation and stabilization of TAZ.
Activation of TAZ is required for GPER to stimulate target gene expression and cell migration. As shown in Figure 2G and Supplemental Figure 2D , expression of the well-characterized YAP/TAZ target genes CTGF, CYR61, EDN1, and ANKRD1 were upregulated by G1 stimulation. To further dissect the relative contribution of YAP and TAZ in mediating GPER-activated gene transcription, we silenced YAP or TAZ individually. As shown in Figure 5 , A and B, TAZ knockdown was sufficient to block transcription of the target genes in response to GPER stimulation in ZR-75-30 cells, and YAP knockdown had a minor effect on G1-induced CTGF induction and gene transcription (Supplemental Figure 5, A and B) . Collectively, these results suggest that TAZ plays a more critical role in G1induced gene induction in ZR-75-30 cells. These results are consistent with the fact that TAZ is abundantly expressed in ZR-75-30 cells ( Figure 2G ). G1-induced gene expression also required TEAD, as shown in the TEAD1/3/4-knockdown experiments ( Figure 5C ). These observations are consistent with a role of TAZ and TEAD in GPER-induced gene expression, at least for the expression of CTGF, CYR61, EDN1, and ANKRD1. However, we cannot exclude the possibility that TEAD plays an obligatory role, albeit one that functions parallel to GPER signaling.
Estrogen is known to stimulate breast cancer cell migration and metastasis through various mechanisms (9, 46) . YAP/TAZ are also known to promote cell migration (27, 29) . We therefore examined whether the function of GPER in promoting ZR-75-30 cell migration depends on TAZ. G1 indeed promoted ZR-75-30 cell migration, and this effect was blocked by TAZ knockdown ( Figure 5D ). In line with the above results, TEAD1/3/4 knockdown impaired G1-induced cell migration (data not shown), supporting a functional role of TAZ and TEAD in GPER signaling to induce breast cancer cell migration.
TAZ mediates the tumorigenic effect of GPER in vivo and is upregulated along with elevated GPER in IDC. We investigated the function of TAZ in GPER-induced tumor cell proliferation. ZR-75-30 cells, which have endogenous GPER with stable overexpression of GPER, were established (Supplemental Figure 6A ). Consistent with previous reports (9, 11) , ectopic expression of GPER enhanced ZR-75-30 cell proliferation ( Figure 6A ). The GPER-induced cell proliferation was blocked by TAZ knockdown. A xenograft experiment was performed to determine the effect of GPER and TAZ on tumor formation of ZR-75-30 cells. Ectopic expression of GPER jci.org Volume 125 Number 5
May 2015
tive breast cancers should be further stratified into GPER hi and GPER lo subclasses. Tamoxifen will be a good choice for patients who are ER + GPER lo ; whereas, for ER + GPER hi patients, the effects of tamoxifen could be complicated. The use of drugs that simultaneously block GPER and ER may be a better strategy to treat this subclass of breast cancers. Furthermore, GPER expression strongly correlates with TAZ in IDC samples, indicating that TAZ is highly expressed in GPER hi subjects (Figure 6 , D-G, and Supplemental Figure 6F ) and might contribute to tamoxifen resistance. Future studies are needed to clarify the role of GPER and YAP/ TAZ in breast cancer development and tamoxifen resistance.
Methods
Cohort. In the IDC cohort, a total of 126 formalin-fixed, paraffin-embedded tissue samples were obtained from the tissue bank of Shanghai Medical College of Fudan University. The clinical pathological parameters including IHC staining for ER, PR, and HER2, tumor size, and axillary lymph node metastasis status were included in the bank. Histologic types and clinical stages were also defined according to World Health Organization (WHO) classification criteria. IHC and quantification. IHC staining was performed as previously described, with some modification (50) . Rabbit antibodies against GPER or TAZ used in IHC were diluted at 1:100. To quantify the expression of GPER and TAZ, 5 random views were selected and imaged at ×200 magnification through a liquid crystal filter of the CSI-Nuance Multispectral Imaging System (Cambridge Research and Instrumentation Inc., PerkinElmer) at a wavelength of 420 to 720 nm in 15-nm increments. inForm software, version 1.4.0 (PerkinElmer), was used for further quantification of DAB intensity of the image cubes. The DAB signal of the cytoplasmic and nuclear TAZ or the membranic GPER was used in this study. The mean value of the signal intensity of each case was categorized into the corresponding groups by the following scores: 0 (<0.04, negative staining); 1 (0.04-0.08, weak staining); 2 (0.08-0.12, moderate staining); and 3 (>0.12, strong staining). Further analysis was based on the IHC scores of GPER and/or TAZ.
Cell migration assay. Cell migration was assayed using BD Falcon Cell culture chambers with 8.0-μm pores in 24-well plates. Serumstarved ZR-75-30 cells were stimulated with G1 or vehicle for 6 hours and suspended in serum-free DMEM. Cells (5 × 10 4 ) were seeded in each well, and DMEM supplemented with 10% FBS was poured into the bottom chamber of the plates. Twenty-four hours after seeding, cells that attached on membranes were fixed in 4% paraformaldehyde and stained with 0.05% crystal violet. The migrated cells on the lower surface of the membrane were photographed and quantified.
Cell proliferation assay. For quantitative proliferation assays, 3 × 10 5 ZR-75-30 stable cells were seeded in 6-well plates in triplicate in regular growth medium. The culture medium was renewed every other day. Cell numbers were counted daily.
Xenograft. The ZR-75-30 stable cells suspended in PBS (5 × 10 6 ) were inoculated s.c. into the mammary fat pad of 5-to 6-week-old female BALB/c nude mice, which were purchased from the Shanghai Laboratory Animal Company (SLAC), with 11 nude mice in each group. All mice were sacrificed 4 weeks after injection, and tumor weights were measured.
Statistics. All values are reported as the mean ± SD. A 1-way ANOVA was used for multiple comparisons. Unless otherwise indicated, comparisons between 2 groups were performed using a 2-tailed rylation and inhibition of YAP/TAZ. The Hippo/YAP/TAZ pathway, therefore, likely plays an important role in mediating the physiological function of GPER in gene expression and cell proliferation.
Transcriptional regulation of estrogen has long been attributed to the classic nuclear estrogen-responsive receptors ERα and ERβ (1, 2) , but the monopolized model has been challenged since GPER was documented to be involved in the genomic effects of estrogen, albeit indirectly (8, 9) . It has been reported that FOS and CTGF are 2 target genes of GPER activation through the EGFR/ ERK pathway, and this process does not require ERs (9) . Our study suggests a critical role of TAZ in mediating gene transcription upon GPER stimulation. For example, knockdown of either TAZ or TEAD1/3/4 blocks G1-induced CTGF expression ( Figure 5 , A and C). Moreover, the expression of several other genes that are regulated by GPER, such as CYR61, EDN1, and ANKRD1, is also dependent on TAZ ( Figure 5B) . Thus, the Hippo/YAP/TAZ pathway plays a role in mediating the genomic effects of GPER. We propose that although the majority of estrogen-inducible genes may depend on ERs, some inducible genes may be codependent on ERs and GPER, while others may depend entirely on YAP/TAZ activation in response to estrogen. Future work is needed to clarify the relative contribution and possible collaboration of ERs and GPER in estrogen-induced gene expression.
Estrogen modulates breast epithelial cell proliferation and also plays a prominent role in the development of breast cancer. As such, inhibition of estrogen signaling (either by blocking estrogen production or inhibiting ER function) is a common clinical approach to treat ER-positive breast cancer. However, the relationship between GPER and breast cancer is less clear (12) (13) (14) (15) . Here, we found that GPER expression was elevated in IDC specimens when compared with the adjacent normal breast epithelial cells. Given the known oncogenic function of YAP/TAZ, we propose that activation of GPER also contributes to breast cancer, at least in part by activating YAP/TAZ, which can stimulate cell proliferation and inhibit apoptosis. Consistently, we have noticed that TAZ protein levels correlate with GPER expression in IDC specimens, supporting the model of TAZ activation by GPER in clinical samples. Although elevated, the expression of GPER did not increase further along with breast cancer progression to advanced stages. Our observation suggests that high levels of GPER contribute to IDC initiation by activating YAP/TAZ, and thus GPER may be a potential biomarker for IDC of the breast.
Tamoxifen is a widely used therapeutic drug for hormonedependent breast cancer. However, 25% of ER-positive patients do not respond to tamoxifen (48) . Notably, tamoxifen acts not only as an antagonist of ERs, but also as an agonist of GPER. The same is true for another ER antagonist drug, fulvestrant, which inhibits ERs but stimulates GPER (7, 9, 35) . Therefore, tamoxifen or fulvestrant may have dual effects on breast cancer cells: inhibition by blocking ER and stimulation by activating GPER. This may be a possible mechanism for tamoxifen resistance in some of the ER-positive breast cancers that express high levels of GPER. Consistently, overexpression of GPER in MCF7 breast cancer cells indeed increases tamoxifen resistance (49) . Furthermore, there are clinical data showing that GPER is involved in tamoxifen resistance in breast cancer (12) . Our observations may have an important implication for breast cancer treatment. ER-posi-
